Abstract -Atypical/Nor98 scrapie cases in sheep were diagnosed for the first time in Norway in 1998. They are now identified in small ruminants in most European countries and represent an increasingly large proportion of the scrapie cases diagnosed in Europe. Atypical/Nor98 scrapie isolates have shown to be experimentally transmissible into transgenic mice and sheep but the properties of the TSE agent involved, like its biological and biochemical features, are so clearly distinct from the agent involved in classical scrapie that they have provided a challenging diagnostic for many years. No strain diversity has yet been identified among the atypical/Nor98 scrapie sample cases. The genetic predisposition of the sheep affected by atypical/Nor98 scrapie is almost inverted compared to classical scrapie, and the exact origin of this sporadic TSE strain is still speculative, but a spontaneous, non-contagious origin, like sporadic CreutzfeldtJakob disease in humans, can not be excluded. Further transmission and epidemiological studies are needed to better address this hypothesis. atypical scrapie / Nor98 / transmissible spongiform encephalopathies TSE / genetics / epidemiology
INTRODUCTION
Prion diseases, also called transmissible spongiform encephalopathies (TSE), are a group of fatal neurodegenerative diseases affecting, among others, humans (Creutzfeldt-Jakob disease and GerstmannSträussler-Scheinker disease (GSS)), cattle (bovine spongiform encephalopathies (BSE)), and small ruminants (scrapie). The precise nature of the causative agent is still not known, but these diseases are tightly associated with the accumulation in infected tissues of a misfolded, partially proteinase-K resistant isoform (PrP Sc ) of the cellular prion protein (PrP C ) [34] , and PrP Sc is therefore used as a diagnostic marker for the disease.
Scrapie in sheep has been described in several European countries for over two centuries [39] and is the prototype of the prion diseases. Experimental transmission studies have shown the biological diversity of the scrapie agents, characterised after sub passages in mice by distinct incubation periods and distribution of the brain lesions, defining different strains. In 1998, an unusual type of scrapie was diagnosed in Norwegian sheep and was subsequently designated Nor98 scrapie [5] . Since the implementation in Europe of a large surveillance program for TSE in small ruminants, an increasing number of cases of atypical/Nor98 scrapie 1 has been reported in 1 An unusual type of scrapie was identified for the first time in Norway in sheep in 1998 and was therefore designated as scrapie Nor98. Since the publication of the discovery, atypical scrapie cases have been diagnosed in most of the European countries in sheep and goat populations. The vast majority of these atypical cases are similar if not identical to Nor98 cases, but they are designated outside Norway as "Nor98", "Nor98-like", or "atypical scrapie". The authors therefore choose to the majority of the European countries [9, 13, 15, 16, [31] [32] [33] 37] , with also one case in the Falkland Islands [14] and in the USA [12] . A case was recently retrospectively found in UK archive material dating from 1989 [7] . In 2005, the European Food Safety Authority (EFSA) published a classification of TSE in small ruminants 2 , dividing them into three diagnostic categories: classical scrapie, BSE in small ruminants, and atypical scrapie including Nor98, as illustrated in Table I. TSE strains are defined as infectious isolates that exhibit distinct biological and biochemical features and that cause, upon inoculation, prion disease with consistent characteristics like their host spectrum, incubation periods, neuropathological changes, courses of the disease and clinical signs, and the biochemical characteristics of the corresponding PrP Sc . It is thought that the information necessary to determine a strain is dependant on the conformation of the PrP Sc (reviewed in [1] ). The present paper will review what is known about the characteristics of the atypical/Nor98 scrapie cases.
CLINICAL SIGNS IN ATYPICAL/NOR98 SCRAPIE SHEEP
A large majority of the atypical/Nor98 scrapie sheep have been diagnosed through use the term "atypical/Nor98 scrapie" in the present review. 2 an active surveillance in apparently healthy sheep or fallen stock animals and not as clinical suspect cases. This might suggest that the clinical signs, if present, can be different or less pronounced than the signs observed for classical scrapie, but could also be a result of the epidemiology where often only single cases are detected in a flock and farmers might not contact a veterinarian when only one animal is showing signs of disease. When cases are detected through active surveillance the data available on clinical signs, or absence of such, is many times restricted to what might have been observed by the farmer. There are a limited number of cases described to be detected through clinical suspicion where, more detailed information from veterinary clinical examinations is available [23] .
The salient clinical sign reported in the Nor98 affected animals in Norway is ataxia. Other signs were anxiety and loss of body condition [5, 6] . Hind limb ataxia was also reported in two Swedish cases, one of them was also described as stiff and with poor body condition, while other Swedish cases had not displayed any clinical symptoms according to the farmer [16] . Two clinical suspect cases reported in Ireland shared the same clinical sign, incoordination, in addition to weight loss and nervous behaviour [32] . The case in the Falkland Islands displayed poor body condition and an abnormal behaviour with persistent biting at its leg and had shown collapsing episodes when it tried to run [14] . The two cases reported in the UK [23] were also ataxic and showed delayed repositioning of the hind limbs. It was noted that both displayed signs suggestive of a cerebellar disease but the signs were not identical (hypermetria in the first case, ataxia, fine head tremor, and abnormal menace response in the second case). In addition, the first case exhibited nervousness while the second case showed dullness, and it was speculated in this report that these differences might be due to different clinical durations, as supported by the higher level of PrP Sc found by Western blot in the brain of the second case.
Pruritus has not been reported in the atypical/Nor98 scrapie cases, but one of the cases detected on clinical suspicion in the UK showed a positive scratch response [23] . In the atypical/Nor98 scrapie cases, the PrP
Sc deposition type appears as fine punctate to coarse granular deposits observed both in the grey and white matters when examined by immunohistochemistry. No intraneuronal staining has ever been reported, contrasting to most of the classical scrapie isolates.
In the brainstem, some cases have been described as totally negative at the level of the obex [5, 9, 10, 16, 32] while other cases display minimal staining restricted only to the spinal tract nucleus of the trigeminal nerve [5, 31, 33, 37, 41] . The primary structure affected in classical scrapie, the dorsal motor nucleus of the vagus (DMNV) was never affected. A particularly heavy and pronounced globular staining of the white matter tracts has in some cases been observed as the only staining at the level of the obex, or in addition to the spinal tract nucleus of the trigeminal nerve, and sometimes to the reticular formation and the ambiguus nucleus [31] . In general, the intensity of PrP Sc immunostaining observed in the medulla oblongata is generally much less in the atypical/Nor98 scrapie cases compared to the classical scrapie cases. On the contrary to classical scrapie, the cerebellar and cerebral cortices are generally the most immunostained areas of the atypical/Nor98 scrapie brains. But in these areas too, small differences are noticeable. A diffuse fine punctate or alternatively a patchy staining (never stellate), in some cases very discrete while conspicuous in other cases, is reported in the molecular and granular layers and in the white matter, or in two or even in only one of these three structures [5, 9, 10, 16, 31, 32, 37] . It is important to underline that immunostaining can be minimal or totally absent from the cerebellum in some atypical/Nor98 scrapie cases while in other cases the only brain area showing immunostaining is in the cerebellum 3 [31] . 3 Benestad, unpublished results.
Another characteristic has been reported in some atypical/Nor98 scrapie cases where the only anatomical brain region showing a type of perineuronal and linear staining similar to what is observed in classical scrapie (see [17] ) has been the substantia nigra (Fig. 1A) . Of significance is also the presence of plaque-like, dense focal or multifocal aggregates found mostly in the tectum and in the lateral geniculate body of the midbrain, and the white matter tracts of the cerebral cortex (Fig. 1B) .
MOLECULAR AND BIOCHEMICAL
CHARACTERISTIC OF ATYPICAL/NOR98 SCRAPIE PRP SC
Identification of new PrP
Sc fragments
Up to 1998, all the scrapie strains classically showed, after proteinase K treatment and Western blot, a typical triplet pattern comprising the typical di-, mono-, and unglycosylated band migrating between 18 and 30 kDa [19, 20] . Recently, three published biological studies have given a more precise description of newly identified fragments. The atypical/Nor98 scrapie isolates display after proteinase K treatment a distinct multiple band pattern, with a fast migrating band reported to be around 11-12 kDa [2, 5, 18] or 7-8 kDa [24, 31] in size. These differences between the atypical/Nor98 scrapie and the classical scrapie isolates are illustrated in Figure 2. It is noteworthy that, in contrast to what has been reported in human TSE, the same multiple band Western blot profile is observed independently of the brain region [2, 31] .
Deglycosylation experiments
The molecular basis for these glycosylation differences between TSE strains is poorly understood. The fundamental mechanisms and their relation to disease characteristics are still unknown. To investigate the glycosylation of an isolate and to assess a Western blot profile, a PNGase enzyme (Peptide: N-glycosidase) can be used to cleave the carbohydrates from the protein and leave clear unglycosylated band(s) on the gel. A recent study [2] has investigated six atypical scrapie isolates from France and one Nor98 isolate from Norway by Western blot. These isolates showed a similar pattern with five bands named band I to V with apparent molecular weights of around 31, 27, 21, 18, and 11 kDa respectively, as illustrated in Figure 2 . When the same isolates are deglycosylated with PNGase before Western blot analysis, the profile shows three bands referred to as bands A, B, and C migrating at around 23, 18, and 11 kDa. This contrasts with the pattern observed in the classical isolate where the three band pattern (27, 23 , and 19 kDa respectively) is transformed into a mono-band migrating at around 19 kDa after deglycosylation.
Furthermore, Arsac et al. [2] calculated the theoretical molecular weights of monoglycosylated and bi-glycosylated forms potentially derived from A, B, and C fragments. They concluded that the A fragment (23 kDa) and B fragment were present most probably also in their di-and mono-glycosylated forms as illustrated on Figure 2 . Glycosylation of the A fragment would result in bands at 27 kDa (band II) and 31 kDa (band I) and that of the B fragment in bands at 21 (band III) and 27 kDa (band II). Fragment C (11 kDa) was supposed to be only unglycosylated because the absence of detectable bands at 15 and 19 kDa.
It is noticeable that the apparent molecular weight of the fragments of PrP Sc is different in the two molecular published studies:
Klingeborn et al. [24] used harsher proteinase K conditions, which, together with the applied antibodies, might explain at least partially the differences between the two studies. One of the isolates of the Swedish isolate has been analysed with the method used by Arsac et al. [2] (TeSeE Western blot, Bio-Rad), giving in these conditions a Western blot profile which was identical to the Norwegian Nor98 isolates. It is therefore highly plausible that the Nor98-PrP7 fragment is equivalent to band C and the PrP-CTF14 is equivalent to band B.
PrP
Sc cleavage sites
An additional feature of PrP Sc can be established using Western blotting by epitope mapping. Monoclonal antibodies directed against epitopes located directly or at the vicinity of the proteinase K cleavage site of the PrP Sc fragments are used. Multiple proteinase K digestion sites at the N-terminus of the human, bovine, and ovine PrP have been identified this way. This variability in cleavage sites is thought to result from individual conformations of the N-termini of the protein that, by conferring varying three-dimensional structures to a single protein, lead to the exposure of distinct cleavage sites.
Three recent studies have contributed to new information concerning the cleavage sites of the atypical/Nor98 scrapie PrP Sc [2, 18, 24] . (ii) Fragment B could be N-terminally (∼ aa 120) and C-terminally (∼ aa 233) cleaved.
(iii) The smallest fragment, called fragment C by Arsac et al. [2] and PrP7 by Klingeborn et al. [24] , could correspond to an N (∼ aa 85) and C (∼ aa 148-155) terminally truncated PrPres protein (∼ aa 90 and ∼ aa 153 for Gretzschel et al. [18] ) as estimated based on the mAb-binding sites retained. It is speculated that the truncation of the C-terminus might occur in vivo, since the C fragment is not detectable in non-proteinase K treated isolates when labelled with antibodies raised against the sequence situated upstream of aa 153 [18] .
Glycoprofile of PrP

Sc
On immunoblots, characteristic differences can be observed based on the different intensities of the nonglycosylated, the mono-, and the diglycosylated PrP Sc bands. In some cases, such differences are remarkably robust and are widely used as indicators for prion strain typing [11, 20, 38] . Nevertheless, due to the lack of use of common standardised diagnostic tools between different TSE laboratories, it is today difficult to give a consistent description of the relative ratios of the multiple bands of PrP Sc from the atypical/Nor98 scrapie isolates. For example, the percentage of the total intensity represented by the lowest band that characterises the atypical/Nor98 scrapie cases varies considerably according to the mAb used and the proteinase K treatment of the isolate as illustrated by the differences observed in the literature [2, 5, 9, 24] . It is quite plausible that most of the discrepancies could disappear by using common standardised diagnostic tools.
Proteinase K resistance of the PrP
Sc in atypical/Nor98 scrapie isolates It is a well-established fact that different strains differ significantly in their resistance to proteolytic degradation. Atypical/Nor98 scrapie isolates have been found to be much less resistant to proteinase K compared to classical scrapie [9] . This characteristic is believed to be at least partially responsible for the discrepancies observed between the test results obtained with different diagnostic tests [9] , tests using more "stringent" proteinase K conditions having problems to identify atypical/Nor98 scrapie cases (Tab. I).
Klingeborn et al. [24] , have demonstrated that especially the two smallest fragments of the atypical/Nor98 scrapie PrP Sc , designated PrP7 and PrPCTF14, have reduced proteinase K resistance which again suggests different conformations of the scrapie and Nor98 prions.
ABSENCE OF DETECTABLE LYMPHOTROPISM IN ATYPICAL/NOR98 SCRAPIE CASES
In contrast to the BSE strain in cattle, most of the known sheep scrapie strains are lymphotropic, meaning that PrP Sc replicate in the lymphoreticular system before neuroinvasion. Several studies have indicated that it might not be the case for the atypical/Nor98 scrapie, where no detectable PrP Sc is found in peripheral lymphoid tissues [5, 9, 31, 41] . What determines the organ tropism of a prion strain is still unknown, but two hypotheses could be envisaged. The first hypothesis would involve the presence or absence of a possible cofactor in the involved cells that will efficiently or not convert PrP C into PrP Sc . The second hypothesis would be that the tertiary structure of the prion agent itself is, or is not, compatible with the binding to different tissue molecules such as receptors, therefore favouring or not the replication of PrP Sc in the lymphoid cells.
Whatever the explanation is, one can speculate that, in the case of the atypical/Nor98 scrapie cases, either the agent is transported directly from the gut to the central nervous system when the TSE agent is ingested, or that the conversion from PrP C to PrP Sc happens originally in the brain in cases of spontaneous origin.
EPIDEMIOLOGY
Atypical scrapie Nor98 was first detected in Norway in 1998 and was first considered an isolated Norwegian problem. Due to the suspected presence of BSE in sheep and goats an intensive active surveillance of TSE in small ruminants based on sampling of fallen stock and sheep and goats in normal slaughter by the use of rapid tests was introduced in 2002 4 . The intensive active surveillance has led to the detection of atypical/Nor98 scrapie cases in most European countries as well as in the Falkland Islands and in North America [12] . The epidemiology of atypical/Nor98 scrapie is not yet fully understood and it is not established whether it is naturally transmissible or not under natural conditions. While the majority of the cases have been detected in sheep, a limited number of atypical scrapie cases in goats have been reported from France, Italy 5 , and Switzerland [37] . The findings in the Swiss goat, showing that sampling of the brainstem might not be optimal to detect atypical scrapie in goats, is of epidemiological interest since this might affect the number of cases that are detected [37] but the available epidemiological data on the cases in goats is even more restricted and the following epidemiological information is focussed on data from sheep cases. 
Atypical/Nor98 scrapie animals are older
The majority of cases have, as mentioned above, been detected through active surveillance by sampling fallen animals and animals at normal slaughter. Active surveillance within the European Union has covered animals above 18 months of age and this is often determined by dentition. In most countries, sheep are not individually identified and year of birth is therefore not always available when a case is detected. For 84 cases in nine different countries where age data was reported, the mean age was 6.5 years 6 . In a German dataset including 60 atypical cases, almost 60% were above the age of five years, more than 25% were older than ten years, and cases up to 20 years of age were detected. In the annual TSEreport for 2005, data available on the age of atypical scrapie cases is shown in a graph comparing classical and atypical scrapie where the ages of atypical cases appear to be higher than the classical cases 5 .
Prevalence and factors affecting the ability to detect atypical/Nor98 scrapie cases
The detected prevalence of atypical/Nor98 scrapie cases can be influenced by several factors, which make real comparison between countries delicate. First, not all tests used for TSE-surveillance in small ruminants will detect atypical/Nor98 scrapie. In a dataset on TSE-surveillance in sheep in Europe from 2002-2005, it was found that 265 of the 294 cases detected were detected by the use of the same rapid test, even though this test only accounted for 42% of the more than 1.1 million sheep examined 6 . Second, the results of the tests depend on which part of the brain the test is applied to since the amount of PrP Sc is different in atypical/Nor98 scrapie cases compared to classical scrapie [16] . Third, the choice of the test for confirmation and the brain region investigated for confirmation will also affect the ability to detect atypical scrapie, since it has been reported that the atypical/Nor98 scrapie cases might be negative by immunohistochemistry at the level of the obex [5, 9, 10, 16, 32] . And then finally, the population structure (age-structure, predominant genotypes, systems for collecting fallen stock) and the design of the surveillance programme can also have an effect on the detected prevalence. This is of special importance since the atypical/Nor98 scrapie cases appear to be older than the classical scrapie cases.
Some approaches have been made to compare the prevalences between countries. When the rapid test used was taken into account on data from 2004, the detected prevalence of atypical scrapie in the sampled population was quite similar in seven different countries 6 .
There was a much larger variation when comparing detected prevalence of classical scrapie between these countries 7 . These findings are supported by an extended study performed in 2006-2007 8 . Considering geographical aspects, both in Norway and Germany, cases of atypical scrapie have been detected all over the country compared to outbreaks of classical scrapie, which have been concentrated to parts of the country [22, 27] .
Few secondary cases have been reported
The control measures have varied in different countries, and over time. Stamping out and sampling of all animals in the flock where a positive case has been detected could increase the possibility to detect secondary cases and this has been done in some countries, but the published data on culled animals in relation to detected secondary cases is limited, and reports of detecting only single cases in each flock are common. But there are some reports on flocks where several cases have been detected. In a German comparison of the epidemiology of classical scrapie and atypical scrapie, secondary cases were detected in seven flocks, two of these flocks had more than 500 animals and five of the flocks had more than 1 500 animals, but it is not clear how many animals were actually examined in these flocks, in the same study only single cases were detected in 81 of the flocks [27] . Two cases were reported from a flock with 650 sheep in the UK [23] . There is also one report on two cases detected in a small Irish flock [32] .
Investigation of risk factors
A study in Great Britain identified that farms with atypical/Nor98 scrapie had significantly higher flock size compared to controlfarms and also a greater number of movements of sheep on and off the farm 9 . A case-control study in Norway on 28 case flocks identified giving vitamin and mineral feed supplement as a risk factor for atypical/Nor98 scrapie, which was different from a previous study on classical scrapie in Norway where various types of contacts with scrapie infected flocks were identified as risk factors [21, 22] . There was no evidence for association between farms with cases of atypical scrapie, neither in the Norwegian study [22] nor in the Great Britain study 9 . With regards to the epidemiology of atypical scrapie, many questions still remain to be answered.
Even though some flocks have had several cases this does not imply that atypical scrapie would be contagious. Assuming a spontaneous/sporadic origin, at the detected prevalence in the sampled population in Europe, several cases would be expected in some flocks just by chance related to the size of the flock. Hopp et al. [22] concluded that "Scrapie Nor98 has a low transmissibility or might not be transmitted between animals under natural conditions". Race et al. [35] observed that in the TSE in which lymphoid tissues are extensively involved, i.e., sheep scrapie and CWD in deer, the horizontal transmission in natural conditions is efficient. In contrast, when the peripheral lymphoid tissues are not substantially involved, i.e., BSE in cattle and naturally occurring CWD in elk, the horizontal transmission appears to be relatively inefficient. The restrictive neutropism of the atypical/Nor98 is unexplained, but one could speculate that this characteristic would explain at least partially the low rate of natural transmission between sheep in the atypical/Nor98 scrapie flocks.
The detected prevalence of atypical/Nor98 scrapie in different countries shows a much more homogeneous pattern than what can normally be expected for a contagious disease 5, 6 . These findings might support the hypothesis of a sporadic, possibly spontaneous, occurrence of atypical/Nor98 scrapie cases, as first raised by Benestad et al. in 2003 [4, 5] .
EXPERIMENTAL TRANSMISSION RESULTS
Failure of experimental transmission to standard mice
Experimental transmission studies of atypical/Nor98 scrapie material into standard mice (RIII, VM, and C56Bl mice) have been performed but without succeeding in transmitting the disease within the life span of the mice.
Successful experimental transmission to transgenic mice
The later development of lines of transgenic mice expressing ovine VRQ PrP have given new information about the agent, by efficiently transmitting the disease [25] and therefore proving for the first time that atypical scrapie (also called "discordant" because they were not identified by all the diagnostic tests) /Nor98 was a truly infectious TSE agent.
Furthermore, the neuro-anatomical distribution of PrP Sc was analysed by histoblot in discordant and Nor98-infected mice at the terminal stage of the disease to further characterise the TSE agent involved. The PrP Sc deposition pattern was clearly distinct from the other analysed TSE isolates, and was remarkably similar for all the discordant/Nor98 isolates, with the preferential involvement of the thalamus, corpus callosum, cerebral cortex, and, to a lesser extent, of the superior colliculus. No PrP Sc was detected in the hypothalamus, midbrain, brain stem, or cerebellum. The identical pattern found in all the mice brains infected by discordant/Nor98 isolates (nine sheep and one goat) indicates that the agent involved is closely related, if not identical.
Experimental transmission into bank voles
In an Italian study [7] , all the classical scrapie isolates used transmitted efficiently to bank voles with incubation times ranging between 140 and 300 days, but the Nor98 samples, including a sheep that died in the UK in 1989, did not induce clinical disease after first passage within 600 days post inoculation.
Successful experimental transmission to sheep
To the authors' knowledge, only one successful experimental transmission of atypical/Nor98 scrapie into a natural host has yet been reported, in the UK 10 . An AHQ/AHQ sheep went down with the disease 378 days after intracerebral inoculation with brain material from homologous AHQ/AHQ atypical case. The inoculated sheep showed weight loss, altered behaviour and compulsive circling, and all the neuropathological and molecular characteristics of the donor sheep was preserved upon transmission, including the predominant accumulation of PrP Sc immunostaining in the cerebellar, thalamic, basal ganglions, and cortical regions, and its relative absence in the brain stem, and the presence of the distinctive lower band at approximately 12 kDa by Western blot investigation. A second case of successful transmission has been reported by the same research group but has not yet been published.
ASSOCIATION OF PRP GENETICS WITH ATYPICAL SCRAPIE
Almost a decade after the discovery of atypical/Nor98 scrapie [5] , there are still many unsolved questions about the genetic association between PrP and susceptibility. Evidence so far indicates that atypical scrapie affects animals with PrP genotypes different from classical scrapie [2, 3, 9, 26, 27, 29, 30, 33, 36] . The appearance of atypical/Nor98 scrapie and classical scrapie in the same flock has not been reported as a common event, although there is no apparent genetic reason for this: indeed the separation of susceptible genotypes would perfectly permit infection with both diseases in an infected flock. It almost appears as if atypical/Nor98 scrapie is occupying a host niche that is occupied by sheep that are genetically resistant to classical scrapie. Why should that be so? Is this an indicator of competition between strains, an exclusion of double infection? We do not know the answer yet. There is an alternative view that atypical/Nor98 scrapie is a spontaneous (sporadic, non-contagious) disease, because there are in general only individual atypical/Nor98 scrapie cases detected in each flock. Atypical/Nor98 scrapie would not be the first TSE to be classified as such: sporadic CJD (sCJD) in humans also reveals no indication to the origin of disease. Cases of sCJD are unrelated, non-familiar, and have no apparent genetic association. They happen at any place and independent of other TSE [28] . It remains to be established in the coming years by collecting more cases whether the spontaneous disease model will be correct or whether atypical scrapie is an infectious disease like most TSE with an aetiology similar -and maybe complementary -to classical scrapie.
One of the first full descriptions of the PrP genetics for atypical/Nor98 scrapie was provided by Moum et al. [30] . Performing fourcodon genotyping (codons 136, 141, 154, and 171) on 38 cases of Nor98 collected between 1998 and 2004, they came to three major conclusions. Firstly, all animals were of AA 136 PrP genotype. The VRQ allele conferring susceptibility to classical scrapie in Norway [40] was completely absent from Nor98 cases although it was present in healthy flock mates. Secondly, there was an over-representation of animals carrying the AHQ allele, in HH 154 homozygous and HR 154 heterozygous genotypes. Thirdly, the AF 141 RQ allele appeared to confer higher susceptibility than the AL 141 RQ allele. Indeed, the AF 141 RQ allele conferred a higher risk than the AHQ allele. The relative high frequency of the ARR allele in affected heterozygous animals was also surprising. This allele is quite rare in classical scrapie cases. But no ARR/ARR affected sheep were found. The mean age at onset was six years, but no significant association between age and genotype was revealed. It could, however, be possible that this average age, which is higher than that for classical scrapie, may be due to the unusual genotypes that are involved. This hypothesis is nevertheless weakened by the observation that the sheep carrying the ARQ/ARQ PrP genotype, susceptible to both classical and atypical/Nor98 scrapie, are also older when affected by atypical/Nor98 scrapie than by classical scrapie 11 . There are now additional studies of atypical/Nor98 scrapie from Germany [27] , France [2] , and the UK [7, 36] , all pointing to the same conclusion, that this type of scrapie is strongly associated with PrP codons 141 and 154 (Tab. II). Importantly, they described ARR/ARR carriers with atypical scrapie [2, 9, 27, 33, 36] . The susceptibility of RR 171 homozygotes has been a major concern because national breeding and eradication plans for classical scrapie in EU member states are inadvertently creating a high frequency of ARR/ARR animals. The studies also proved that VA 136 heterozygotes were susceptible to atypical/Nor98 scrapie [2, 36] but this appears to be linked to the presence of the AF 141 RQ allele in these animals.
Atypical/Nor98 scrapie is also found in goats. Like in sheep, goats with HH 154 and HR 154 PrP genotypes appear to be targeted by this atypical/Nor98 scrapie [2] , although it is too early to confirm the association statistically.
Experimental challenges of sheep and ovine PrP transgenic mice with atypical/Nor98 scrapie sources are essential tools for the future to decipher the true extent of susceptible genotypes. We may then also be able to explain why the VRQ/AHQ genotype has a low risk for both types of scrapie, although it is composed of the two alleles with highest susceptibility risk for classical [3] and atypical/Nor98 [2, 27, 30, 36] scrapie, respectively. The discovery of atypical/Nor98 scrapie has opened up a new phase in the exploration of the link between the PrP gene and disease, which in the end is likely to contribute fundamentally to the understanding of the underlying molecular mechanisms. Arsac et al. [2] demonstrated that the isolates from 54 French atypical cases which included a large panel of different PrP genotypes and two species (sheep and goat) showed identical glycoprofile of PrP Sc were examined and were shown to possess a unique biochemical signature indistinguishable from that of the Norwegian Nor98 isolates. In addition, Le Dur et al. [25] showed that all the isolates from the French atypical ("discordant") and Norwegian Nor98 cases (nine sheep and one goat) that were transmitted to tg338 ovine mice also shared the same biological signature with comparable incubation durations, clinical sign lesion profiles, PrP Sc distribution patterns in the brain and the apparent lack of tropism for the lymphoreticular tissues.
These results suggest that the prions involved in atypical and Nor98 cases are in fact a unique TSE agent. It should nevertheless be noted that only a small number of cases that has been investigated, originating from only two countries (France and Norway), and a real diversity in the group of atypical scrapie/Nor98 cases might possibly be observed if additional isolates were investigated under the same experimental diagnostic conditions. It can therefore not be excluded that atypical scrapie/Nor98 might be a heterogeneous group that could be further divided into different subtypes, but the attempt to group them in separate entities based on consistent strain characteristics/features have not yet succeeded.
CONCLUSION
Initially atypical/Nor98 scrapie was thought to be another type of classical scrapie but has now been identified to be a strain or a group of TSE affecting small ruminants which is clearly distinguishable from classical scrapie and from BSE in sheep 2 [8] . The intensive TSE surveillance within Europe has shown that the disease is quite spread and often occurring as single cases in a flock. The epidemiological data accumulated during recent years have also led to a separation of classical scrapie and atypical/Nor98 scrapie with regards to control measures applied in positive flocks within the European Union 4 . Despite the fact that this strain is now better characterised, its origin is still unknown and further transmission studies, as well as collection and analysis of epidemiological data from the field, are needed to give information about the pathogenesis of this strain to fully understand the epidemiology and to assess the possible zoonotic aspects.
